Introduction
============

Pseudobulbar affect (PBA), also called pathological laughing and crying (PLC), is a common manifestation of brain pathology. The terms used to describe this abnormally expressed emotion have varied over the years, including disinhibition, affective lability, emotional dysregulation, and involuntary emotional expression disorder.[@b1-ndt-10-1161] However, PLC and PBA are more specifically defined disorders that distinguish more clearly between mood and affect. PLC is defined as involuntary and uncontrollable expressed emotion (laughing or crying or both) that is exaggerated relative to the stimulus as well as the experienced emotion.[@b2-ndt-10-1161] In contrast, PBA is a broader term in which the emotion is still exaggerated and inappropriate and also incongruent with the underlying emotional state.[@b1-ndt-10-1161] Thus, both involve discordance between mood and the degree of expressed affect.

A defining feature of PBA is that it is due to a brain disorder. It has been associated with many neurological diseases. The exact prevalence has been difficult to determine, partly due to different definitions being used to describe the disorder. The best estimate of PBA prevalence comes from Work et al (2011).[@b3-ndt-10-1161] Her group found that the prevalence in neurological disorders ranges from 9.4%--37.5% depending on the criteria used for diagnosis. PBA is most common in amyotrophic lateral sclerosis (ALS), occurring in up to 49% of patients, and in Alzheimer's disease (39%).[@b4-ndt-10-1161],[@b5-ndt-10-1161] It also occurs frequently in stroke patients, especially in the first year (11%--34%),[@b6-ndt-10-1161],[@b7-ndt-10-1161] in multiple sclerosis (MS) (10%--29%),[@b8-ndt-10-1161],[@b9-ndt-10-1161] Parkinson's disease (5%--17%),[@b10-ndt-10-1161]--[@b12-ndt-10-1161] and in traumatic brain injury (5%--11%).[@b13-ndt-10-1161],[@b14-ndt-10-1161]

Although the underlying pathology of PBA is not fully understood, case reports of PBA with isolated cerebellar, pontine, or thalamic lesions,[@b15-ndt-10-1161]--[@b17-ndt-10-1161] combined with postmortem studies, have led to the currently accepted theory. It postulates that the cerebellum modulates the appropriate emotional response to the current social situation and mood based on cortico-pontine-cerebellar circuits. Disruption of these circuits leads to PBA.[@b17-ndt-10-1161]

Current treatment options for PBA
=================================

Neuropathology of PBA and mode of action of DM/Q
------------------------------------------------

As noted earlier, the basis of PBA appears to be a loss of control (disinhibition) over emotional context and motor response. This disconnection is associated with lesions and altered function in the cortico-limbic-subcorticothalamic-ponto-cerebellar network. In essence, cortical inhibition of upper brain stem is disrupted and releases the bulbar nuclei that control laughing and crying. A variety of studies (electroencephalography, imaging) implicate decreased serotonin and dopamine, glutamate excess, and sigma receptor abnormalities.[@b18-ndt-10-1161] The cerebellum is also thought to play a role since 36% of patients with brain stem and cerebellar atrophy meet criteria for PBA.[@b19-ndt-10-1161] Glutamate is a central neurotransmitter and an agonist of N-methyl-D-aspartate (NMDA) receptors that can have widespread effects. Similarly, sigma 1 receptor agonists are thought to inhibit glutamate's actions in the brainstem and cerebellum. The goal of treating PBA is to restore control by resetting the neurotransmitter abnormalities: increasing serotonin and dopamine, blunting NMDA activity, and enhancing sigma function in specific networks.

Treatment in the past has focused primarily on the neurotransmitters serotonin or glutamate, thought to be involved in the cortico-limbic pathways or pathways originating in the cerebellum. There are multiple case reports and case series demonstrating improvement or complete resolution of symptoms related to PBA in MS, stroke, traumatic brain injury, and ALS with selective serotonin receptor inhibitors (SSRIs) and other mood stabilizers ([Table 1](#t1-ndt-10-1161){ref-type="table"}). Only three controlled trials have focused on PBA/PLC specifically; two examined tricyclic antidepressants, the other used SSRIs.[@b20-ndt-10-1161]--[@b22-ndt-10-1161] All three demonstrated a significant improvement by decreasing the frequency and severity of the symptoms. These studies are difficult to compare due to varying outcomes and time on treatment as well as different agents used to treat PBA.

Nuedexta™ (Avarnir Pharmaceuticals, Aliso Viejo, CA, USA) is a combination product containing dextromethorphan hydrobromide and quinidine sulfate. Dextromethorphan/quinidine (DM/Q) was approved by the US Food and Drug Administration in 2010 for the treatment of PBA.[@b23-ndt-10-1161]

The mechanism of DM/Q is not fully understood.[@b18-ndt-10-1161] Dextromethorphan is biotransformed to dextrorphan predominantly by cytochrome P450 (CYP) 2D6;[@b24-ndt-10-1161] however, the pharmacologic properties of dextrorphan are very different than those of the parent.[@b25-ndt-10-1161] Dextromethorphan is a relatively selective and specific NMDA receptor antagonist but also acts as a sigma receptor agonist. In contrast, the primary active metabolite of dextromethorphan, dextrorphan, has much lower affinity for sigma receptors and higher affinity for NMDA receptors ([Table 2](#t2-ndt-10-1161){ref-type="table"}).[@b26-ndt-10-1161]--[@b29-ndt-10-1161] In addition, there is evidence that both dextromethorphan and dextrorphan can inhibit serotonin uptake into neurons. Given the relatively high brain:plasma partition ratio of dextromethorphan (estimated as 7--30-fold in rabbits and up to 68-fold in humans),[@b30-ndt-10-1161] it is possible that despite its lower relative NMDA affinity, dextromethorphan could be associated with substantial sigma activation and some NMDA antagonism at concentrations achieved after 30/10 mg of DM/Q ([Table 2](#t2-ndt-10-1161){ref-type="table"}). This specificity for sigma and lower affinity for NMDA is thought to be an important mechanism in minimizing the prominent NMDA antagonist side effects of dextrorphan (altered perception, hallucinations, dissociation), which limit the ability to increase dextromethorphan doses. Therefore, DM/Q solves the practical problem of increasing dextromethorphan concentrations in order to take advantage of the preferred pharmacologic profile of the parent drug. The DM/Q product achieves this by taking advantage of the very low inhibitory constant of quinidine for CYP2D6, which permits strong inhibition of the enzyme at relatively low quinidine concentrations, thereby increasing dextromethorphan systemic bioavailability and plasma drug concentrations and decreasing those of dextrorphan (see [Table 3](#t3-ndt-10-1161){ref-type="table"}).[@b31-ndt-10-1161]--[@b33-ndt-10-1161] This drives the pharmacology of dextromethorphan toward that of the parent drug and away from the adverse effects of the dextrorphan metabolite.[@b25-ndt-10-1161],[@b34-ndt-10-1161]--[@b36-ndt-10-1161] In addition, as discussed later in this review, the relatively low dose of quinidine has important implications for the safety profile of this combination product.

Clinical pharmacology of DM/Q
=============================

The clinical pharmacology of dextromethorphan and quinidine are well understood; pharmacokinetic properties of dextromethorphan and quinidine are described in the product label and will not be described here.[@b23-ndt-10-1161] However, the plasma concentrations of dextromethorphan, the dextrorphan active metabolite, and quinidine are important to consider in relation to the efficacy and safety of DM/Q and are briefly summarized below.

Dextromethorphan concentrations with DM/Q
-----------------------------------------

The dextromethorphan plasma concentration data are the most relevant for understanding of the DM/Q safety and efficacy profile since the goal of blocking CYP2D6 is to maximize dextromethorphan concentrations and bioavailability. Dextromethorphan plasma concentrations associated with dosing of DM/Q at steady-state (30/10 mg twice daily \[bid\]) are in the range of approximately 64--114 ng/mL ([Table 3](#t3-ndt-10-1161){ref-type="table"}). In contrast, in individuals with normal CYP2D6 activity (extensive metabolizers), dextromethorphan plasma concentrations associated with chronic dosing (for cough suppression) or following dextromethorphan 30 mg alone are typically in the range of 0.5--6 ng/mL (mean of approximately 2 ng/mL) ([Table 3](#t3-ndt-10-1161){ref-type="table"}). Thus, dextromethorphan exposure with DM/Q is approximately 20-fold higher compared to dextromethorphan administered alone (or even higher based on the literature).[@b23-ndt-10-1161]

Quinidine concentrations with DM/Q
----------------------------------

The mean peak plasma concentration of quinidine following DM/Q 30/10 mg bid in patients with PBA is approximately 1%--3% of the therapeutic concentrations required for antiarrhythmic efficacy (1,500--5,000 ng/mL).[@b23-ndt-10-1161],[@b37-ndt-10-1161]

Efficacy of DM/Q in the treatment of PBA
========================================

Clinical efficacy of DM/Q
-------------------------

The treatments for PBA, including the efficacy of DM/Q, have been reviewed previously.[@b38-ndt-10-1161]--[@b43-ndt-10-1161] Historically, the most common treatments for PBA have been tricyclic antidepressants, SSRIs, and dopaminergic agents. None of these have been approved for treatment of PBA, and the data supporting their efficacy is weak.[@b40-ndt-10-1161],[@b44-ndt-10-1161]

Three controlled DM/Q studies have examined DM/Q doses of 30/30 mg and 30/10 mg bid and 20/10 mg bid (the product is approved in the US at a 20/10 mg dose and in Europe at a 20/10 mg and 30/10 mg dose).[@b45-ndt-10-1161]--[@b47-ndt-10-1161] [Figure 1](#f1-ndt-10-1161){ref-type="fig"} compares the Center for Neurologic Study-Lability Scale (CNS-LS) changes from the three trials, which was the primary dependent variable in these studies.[@b96-ndt-10-1161] The primary and secondary efficacy results from the three randomized controlled trials are summarized in [Table 4](#t4-ndt-10-1161){ref-type="table"}. Specifically, the US registration trial resulting in approval of 20/10 mg of DM/Q bid showed a 49% reduction in PBA episode rate compared to placebo overall, and on all weekly rates. More DM/Q patients were in remission at 12 weeks compared to placebo (51% versus 29%).[@b39-ndt-10-1161] Episode-free days were more common in the active-treated group. These findings, in addition to the large and consistent effects on the CNS-LS, point to a meaningful clinical improvement in these patients. All of the trials also showed highly significant improvements on other clinically important outcomes, such as decreased number of episodes, quality of life, functioning, and interactions with others, which help to confirm the potential clinical relevance of the treatment effects.

The Safety, Tolerability, and Efficacy Results (STAR) trial[@b47-ndt-10-1161] was somewhat different to the other two trials because it included the Beck Depression Inventory (BDI-II), the Neuropsychiatric Inventory (NPI), and the SF-36 (Medical Outcomes 36-Item Short Form Health Survey).[@b48-ndt-10-1161]--[@b50-ndt-10-1161] On the BDI-II, mean improvement was greater for DM/Q 30/10 mg compared to placebo. No changes were seen on the NPI compared to placebo. On the SF-36, significant improvement occurred for DM/Q 30/10 mg versus placebo on the mental summary score and on its subdomains for social functioning and mental health, with no change in physical summary scores. Comparison of the 30/10 mg and 20/10 mg dose groups also suggested that the 30/10 mg group may have responded a bit earlier on the CNS-LS score. This would be consistent with the BDI-II changes observed. Changes on these secondary measures suggest that DM/Q-related reductions in PBA symptoms, as measured by CNS-LS, were also reflected in improvements in global quality of life and functioning in these patients.

Efficacy in relationship to DM/Q concentrations
-----------------------------------------------

Early data derived from case series and case reports suggested DM/Q might be efficacious in the treatment of PBA.[@b51-ndt-10-1161] These early studies used doses of DM/Q of 30/75 mg bid. Across these high dose trials and the more recent studies, is a puzzling lack of obvious relationship to either dextromethorphan or quinidine dose. On the other hand, the STAR trial[@b47-ndt-10-1161] did suggest that the 30/10 mg bid dosing was somewhat more efficacious than the 20/10 mg dose. In one other trial, a weak correlation was found between 12-hour postdose plasma dextromethorphan concentration and CNS-LS score at days 29 and 85 (*r*= −0.41 to −0.51; *P*\<0.0001).[@b46-ndt-10-1161] However, taken as a whole, [Figure 1](#f1-ndt-10-1161){ref-type="fig"} suggests that effect sizes were the same irrespective of either quinidine (30 mg or 10 mg) or dextromethorphan dose (30 mg, 20 mg, or 10 mg).

If the proposed mechanism of action is robust, it might be expected that there should be some clearer relationship between dextromethorphan concentration and effect, and/or quinidine concentration and degree of inhibition and resultant dextromethorphan concentrations. Virtually complete inhibition of CYP2D6 occurs with doses of quinidine in excess of 100 mg per day, and as doses of quinidine are lowered, there is a graded lesser degree of inhibition.[@b52-ndt-10-1161] There are several possible explanations why the relationship to dose (or concentration) is apparently weak. First, the extent of quinidine inhibition of CYP2D6 is not constant. The CYP2D6 enzyme exists in many isoforms with differing substrate selectivity and specificity, and these isoforms also show quite variable sensitivity to differing inhibitors.[@b53-ndt-10-1161]--[@b56-ndt-10-1161] Hence, quinidine inhibition can be highly variable at any given quinidine concentration. The second possibility is that we do not fully understand the mechanism of action, and dextromethorphan concentrations at the sigma or NMDA receptors are much higher than estimated, and/or the receptor capacity is very low and dextromethorphan has very high intrinsic activity. These data suggest that some patients might respond to even lower doses of DM/Q. However, since the safety of the DM/Q product seems to be quite acceptable, whether it is worth finding the lowest effective dose is unclear. Lowering the doses of quinidine and/or dextromethorphan might come at the "cost" of not being effective for those patients with atypical CYP2D6 or with differing pathophysiology.

Safety considerations with DM/Q
===============================

General safety of DM/Q in clinical trials
-----------------------------------------

[Table 5](#t5-ndt-10-1161){ref-type="table"} summarizes the most important clinically reported safety data from the three largest clinical trials of PBA.[@b45-ndt-10-1161]--[@b47-ndt-10-1161] Excluded from this table are adverse events that were more common in the placebo group and those for which there is no plausible causal relationship (eg, nasopharyngitis). The full data can be obtained in the papers reporting these studies. The most commonly reported adverse events of dizziness, fatigue, nausea, and weakness are consistent with side effects attributable to dextromethorphan and potentially quinidine. A recent 1 year study in 553 patients with PBA (296 completers) receiving DM/Q 30/30 mg bid confirms the apparent safety of DM/Q (Pattee et al, unpublished data, 2014). The most frequently reported treatment emergent adverse events in this study were nausea (11.8%), dizziness (10.5%), headache (9.9%), somnolence (7.2%), fatigue (7.1%), diarrhea (6.5%), and dry mouth (5.1%). These adverse events were mainly mild to moderate in severity and generally transient. There were no clinically important cardiac or respiratory adverse events reported.

In other indications, the placebo data in the Panitch et al study[@b46-ndt-10-1161] are of interest because some adverse events were actually less common in the active-treated group (eg, dermatitis, fatigue aggravated, headache, pain in limbs), suggesting a hypothesis that there are dimensions of DM/Q effect that are not being captured by the typical efficacy measures. MS patients often report disabling pain. Since decreased glutaminergic signaling may alleviate pain, the lower reports of pain in limbs are particularly interesting. The study was not powered to detect such a change, nor were patients required to have pain for entry into the trial. These potential other effects of DM/Q merit further study. The discontinuation rates due to adverse events in the MS study were lower than in the ALS study (24%). In the ALS study, discontinuations were mainly due to musculoskeletal complaints that did not occur in the MS patients.

Impact of plasma concentrations on perceived special safety concerns with DM/Q
------------------------------------------------------------------------------

A summary of plasma dextromethorphan, dextrorphan, and quinidine plasma concentrations is provided in [Table 3](#t3-ndt-10-1161){ref-type="table"}. Several studies and cases have reported plasma concentrations of dextromethorphan in relation to safety parameters. Peak dextromethorphan concentrations (49--168 ng/mL) in a similar range as those associated with DM/Q (64--114 ng/mL) do not appear to be associated with serious psychomotor/cognitive impairment (an objective measure of sedation) in CYP2D6 poor metabolizers or in extensive metabolizers when coadministered with quinidine, although subjective sedation/dysphoria has been reported at concentrations in the higher end of this range (\>100 ng/mL).[@b25-ndt-10-1161],[@b34-ndt-10-1161],[@b35-ndt-10-1161] Peak dextromethorphan concentrations in a higher range (185--233 ng/mL) were tolerable in these subjects but were associated with motor impairment and subjective sedation. In general, when high doses of dextromethorphan are given alone (\>100 mg per day), the resultant higher dextromethorphan/dextrorphan concentrations than those associated with DM/Q have been tolerated in epilepsy (up to 150 ng/mL), neurosurgery (up to 193 ng/mL), and Huntington's disease patients (up to 275 ng/mL) (see [Table 3](#t3-ndt-10-1161){ref-type="table"}). In neurosurgery patients, doses associated with dextromethorphan concentrations of 400--500 ng/mL were safely administered although these were associated with side effects such as dizziness, ataxia, hallucinations, and nystagmus. These are side effects typical of dextrorphan and likely mediated by this active metabolite.

Other data supporting the general safety of dextromethorphan come from overdoses and poisonings ([Table 3](#t3-ndt-10-1161){ref-type="table"}). The lowest concentration of dextromethorphan reported in association with an overdose fatality was estimated as 542 ng/mL; however, this was observed in combination with diphenhydramine concentrations approximately five times higher than the therapeutic range. A case of serotonin syndrome (nonfatal) was associated with a concentration of 930 ng/mL, and impaired drivers have been tested with concentrations up into the 695--1,026 ng/mL range, indicating that 542 ng/mL does not necessarily represent the threshold concentration for fatality. Although there are relatively few reports of dextromethorphan overdose fatalities, most were associated with concentrations in the range of \~1,800--5,000 ng/mL. Overall, the plasma concentrations of dextromethorphan and lower relative concentrations of dextrorphan associated with DM/Q administration may confer a fairly robust margin of safety with this product. Although, it is possible that even at these relatively low concentrations, older and/or cognitively-impaired individuals may be more sensitive to some of the sedating/central nervous system side effects of DM/Q, as events such as dizziness and fatigue were observed in clinical trials ([Table 5](#t5-ndt-10-1161){ref-type="table"}), and some patients (1%) have discontinued DM/Q due to falls.[@b23-ndt-10-1161]

Dextromethorphan respiratory effects
------------------------------------

Dextromethorphan belongs to the opioid class of compounds that can cause respiratory depression. However, even though dextromethorphan has been shown to dampen compensatory responses to hypoxic or hypercapnic stimuli in animal models, it has no apparent effect on respiration in awake animals breathing normal air.[@b57-ndt-10-1161]--[@b58-ndt-10-1161] Typically, these effects were observed at doses ranging from 5--80 mg/kg administered by the subcutaneous route. This route is relevant to DM/Q as it is the route associated with the least amount of metabolite formation. In clinical studies, single oral doses in the range of 30--60 mg dextromethorphan do not alter vital signs parameters, including respiratory rate, even when combined with morphine (30--60 mg), a known respiratory depressant.[@b59-ndt-10-1161] Similarly, multiple dose studies have failed to show hemodynamic or respiratory effects, including a study that used doses up to 400 mg (dextromethorphan plasma concentrations up to 1,514 ng/mL),[@b60-ndt-10-1161] suggesting that respiratory depression or failure, while observed in a small proportion of patients (1%),[@b23-ndt-10-1161] is not a major concern, at least in those patients without underlying respiratory pathology.

Cardiac safety
--------------

Quinidine is classified as a type 1A drug with respect to its propensity to cause torsades de pointes (TdP) and to prolong the QT interval.[@b61-ndt-10-1161] Increases in corrected QT (QTc) are consistently seen with free (unbound) quinidine concentrations of 300 nM, but of course, there is variation in sensitivity among patients due to cardiac disease, race, sex, and concomitant medications.[@b61-ndt-10-1161] After 30 mg of quinidine bid, mean (± standard deviation \[SD\]) quinidine concentrations of 168.4±103 ng/mL have been reported (466 nM based on total drug concentration; free drug concentration estimated to be about 50 nM). This concentration is well below the reported concentrations causing clinically important QTc prolongation, but this does raise the possibility of an effect on QTc in PBA patients treated with DM/Q. Grenier et al[@b62-ndt-10-1161] analyzed 7,446 QT measurements in 82 subjects given DM/Q, created a robust pharmacokinetic-pharmacodynamic model, and found that low average quinidine concentrations (41.3 ng/mL) were associated with small QTc changes (\<3 milliseconds). The marketed dose of DM/Q contains 10 mg of quinidine. The product label carries a warning to this effect:

> NUEDEXTA causes dose-dependent QTc prolongation. QT prolongation can cause torsades de pointes-type ventricular tachycardia, with the risk increasing as the degree of prolongation increases. When initiating NUEDEXTA in patients at risk of QT prolongation and torsades de pointes, electrocardiographic evaluation of QT interval should be conducted at baseline and 3--4 hours after the first dose. This includes patients concomitantly taking/initiating drugs that prolong the QT interval or that are strong or moderate CYP3A4 inhibitors, and patients with left ventricular hypertrophy or left ventricular dysfunction.[@b23-ndt-10-1161]

In the earliest trial in ALS patients comparing DM/Q 30/30 mg bid and dextromethorphan (30 mg bid) and quinidine (30 mg bid) alone, an increase in QTc on day 29 (end of trial) of +7.5 milliseconds was observed compared to quinidine alone, but not dextromethorphan alone.[@b45-ndt-10-1161] In a trial of MS patients with DM/Q 30/30 mg bid, a +7.5 millisecond change in QTc was seen compared to placebo.[@b46-ndt-10-1161] Both these changes would not be regarded as clinically important. The most careful assessment of this matter was done by Pioro et al[@b47-ndt-10-1161] who found a mean change of 3.0 QTc Bazett's formula (QTcB) and 4.8 QTc Fridericia's formula (QTcF) milliseconds with DM/Q 30/10 mg; −1.9 (QTcB) and 1.0 (QTcF) with DM/Q 20/10 mg; and +1.6 (QTcB) and 1.0 (QTcF) with placebo. These changes are also very small. The proportion of individuals who had a QTc prolongation of \>30--60 milliseconds in a DM/Q (30/10 mg)-treated group was 7.0%/7.2% (QTcB/QTcF), with placebo having a rate of 6.6%/3.5%. These data are difficult to interpret. On one hand, this trial used lower doses of quinidine than the previous two trials and did find a slightly lower change in QTc, suggesting that the quinidine in the DM/Q can have an effect on QTc. On the other hand, the changes are small and were not reported to be associated with any adverse clinical events. The most parsimonious interpretation of these data would be that quinidine can have a physiologic effect on QTc, but this is not normally a clinical concern with DM/Q. Quinidine concentrations associated with TdP cases appear to be primarily within the therapeutic range of quinidine when administered as an antiarrhythmic (1,500--5,000 ng/mL); some cases of TdP had quinidine concentrations "\<1,500 ng/mL" but exact concentrations not cited.[@b37-ndt-10-1161],[@b63-ndt-10-1161] However, these patients were on mean quinidine doses \>1,500 mg/day, and so presumably still had much higher concentrations of quinidine than following DM/Q administration.

However, as a final word of caution, patients with PBA often have multiple comorbidities and/or are being treated with numerous other medications, hence quinidine is likely to be combined with other drugs that may interact with it. These interactions can include other drugs that block quinidine metabolism or transport by p-glycoprotein, or that have direct effects on QTc or are arrhythmogenic themselves. [Table 6](#t6-ndt-10-1161){ref-type="table"} summarizes examples of such potential interactions and suggests the appropriate clinical approach or alternate drug in patients at risk. Other risk factors associated with quinidine-induced TdP include low serum potassium or moderately low potassium levels in association with diuretics, heart block, and unrecognized congenital long QT syndrome.[@b37-ndt-10-1161] These factors should be considered in any patient being started on DM/Q, but should not limit use of the medication in most patients. In some cases, patients at risk for TdP may require substitutions, where possible, or dose reductions and supervised starts where substitutions cannot be made.

### Other drug interactions

Because the principal mechanism of DMQ involves the inhibition of CYP2D6, an enzyme involved in the metabolism of a number of drugs, there is a possibility of drug interactions. The likelihood of observing clinically relevant drug interactions depends on a number of factors, including the potency of the inhibitor, the concentrations of inhibitor and substrate, the proportion of metabolism of the affected drug that is catalyzed by a particular CYP, and the therapeutic windows of the interacting drugs. There exist many theoretical drug interactions; however, many turn out not to be important in clinical practice for a variety of reasons. Pharmacokinetic changes predicted from in vitro studies may not be as large in patients since most drugs are metabolized by a number of different enzymes, and inhibition of one enzyme may simply lead to shunting of metabolism through a different pathway. As shown in [Table 6](#t6-ndt-10-1161){ref-type="table"}, some drugs should be avoided, where possible, and substitutions made, primarily due to pharmacokinetic interaction potential combined with some torsadogenic potential, or strong torsadogenic potential alone.

Further, there is a theoretical risk of observing reduced efficacy with certain analgesics that are known CYP3A4/CYP2D6 and/or p-glycoprotein substrates or inhibitors, such as hydrocodone,[@b64-ndt-10-1161] fentanyl,[@b65-ndt-10-1161] morphine,[@b66-ndt-10-1161] and oxycodone.[@b67-ndt-10-1161]--[@b69-ndt-10-1161] In most cases, these drugs can be coadministered with DM/Q, as theoretical or pharmacokinetic interactions have not shown much impact on pharmacodynamic effects or analgesia. The exception to this is codeine and possibly tramadol, where reduced efficacy may be observed due to CYP2D6-mediated conversion to the active metabolites.[@b70-ndt-10-1161]--[@b74-ndt-10-1161]

In terms of antidepressants, those most likely to result in significant interactions include the tricyclic antidepressants, due to the potential for pharmacokinetic interactions as well as additive torsadogenic risk ([Table 6](#t6-ndt-10-1161){ref-type="table"}). SSRIs may be administered with DM/Q, although supervised starts are recommended due to the potential for pharmacokinetic and/or pharmacodynamic (serotonin syndrome) interactions, and weak potential to prolong the QT interval. This is most relevant for paroxetine,[@b75-ndt-10-1161] fluoxetine,[@b76-ndt-10-1161],[@b77-ndt-10-1161] sertraline,[@b78-ndt-10-1161] and citalopram.[@b79-ndt-10-1161] Mirtazapine interactions with quinidine appear to be relatively weak,[@b80-ndt-10-1161] and this drug is not associated with known torsadogenic potential. In addition, it is routine practice to avoid the use of monoamine oxidase inhibitors with dextromethorphan due to the rare but known potential for serotonin syndrome.[@b81-ndt-10-1161] Substitutions could be made with milnacipran, levomilnacipran, mirtazapine, or desvenlafaxine, as no reported or theoretical interactions are known with these compounds.

There are a number of other drugs that are likely to be coadministered with DM/Q and may also be substrates, inducers, or inhibitors of CYP2D6 or CYP3A4. However, based on the literature, the likelihood of clinically relevant interactions with these drugs is considered low. This includes drugs where pharmacokinetic interactions were weak/minimal or did not result in changes in pharmacodynamic or safety parameters, or those for which interactions would be relevant only at much higher concentrations of DM/Q than those observed clinically. In Parkinson's disease, this includes bromocriptine, amantadine, biperiden, apormorphine, and sedative-hypnotics such as alprazolam and zolpidem.[@b82-ndt-10-1161],[@b83-ndt-10-1161] For Alzheimer's disease, this includes galantamine and memantine.[@b84-ndt-10-1161] Donepezil pharmacokinetic/pharmacodynamic interactions are unlikely to be clinically relevant[@b85-ndt-10-1161] although this drug is considered to have weak torsadogenic potential (category 4).[@b61-ndt-10-1161] Although the theoretical potential for interactions exists, other drugs that may be coadministered and are unlikely to result in clinically significant interactions include methylprednisolone, omeprazole, simvastatin/atorvastatin, warfarin, beta-blockers, verapamil, diltiazem, digoxin, and dipyridamole.

As with any drug, the risk for clinically significant interactions increases with the number of coprescribed and potentially interacting medications. An example of this is oxycodone, whereby concomitant use of both CYP2D6 and CYP3A4 inhibitors may increase exposure, where use of CYP2D6 inhibitors alone does not.[@b86-ndt-10-1161] However, this is relevant for any patient, and not only those on DM/Q. The role of DM/Q in inhibition of CYP2D6 requires some routine caution at the beginning of treatment, but as with the QT prolongation potential, should not limit use in patients requiring treatment. Indeed, many strong CYP2D6 inhibitors have been relatively safely used in clinical practice for many years (SSRIs such as paroxetine).

Conclusion
==========

Overall, the published literature supports the efficacy and relatively high margin of safety with DM/Q, and indicates that serious medical events observed at very high doses of dextromethorphan are not expected to occur with DM/Q administered at recommended doses. Because concentrations of the active metabolite dextrorphan (which is responsible for many of the parent drug's side effects) and quinidine are lower than those observed in clinical practice with these drugs administered alone, some of the perceived safety issues may not be as relevant with this low dose combination product. However, since patients with PBA have a variety of other medical problems and are on numerous other medications, they may not tolerate DM/Q adverse effects or may be at risk for drug interactions. Some caution is warranted at the initiation of DM/Q treatment, particularly in patients with underlying risk factors for TdP and in those receiving medications that may interact with DM/Q. Given that DM/Q is currently the only treatment indicated for PBA, substitutions may be more easily made with the interacting concomitant medications. Where substitutions are not possible, supervised starts and dosage reductions may be needed.
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Summary of previous treatment studies in pseudobulbar affect and pathological laughing and crying

  Publication                                  Patient population   Intervention and dose                Number of subjects   Outcome                          Response
  -------------------------------------------- -------------------- ------------------------------------ -------------------- -------------------------------- ------------------------------------
  Case reports and case series                                                                                                                                 
   Komurasaki et al[@b87-ndt-10-1161]          Stroke               Thyrotropin-releasing hormone        4                    Number of episodes               2/4, decreased frequency
   Mukand et al[@b88-ndt-10-1161]              Stroke               Sertraline                           2                    PLACS[@b21-ndt-10-1161]          Decreased frequency
   Nahas et al[@b89-ndt-10-1161]               Stroke, MS, TBI      Fluoxetine, Paroxetine, Sertraline   5                    Self and clinician observation   5/5, decreased frequency
   McCullagh and Feinstein[@b90-ndt-10-1161]   ALS                  Fluoxetine, Sertraline               3                    Self and clinician observation   Crying responded, laughing did not
   Ramasubbu[@b91-ndt-10-1161]                 Stroke               Lamotrigine                          1                    PLACS                            Improved
   Kim et al[@b92-ndt-10-1161]                 ICH; SAH             Mirtazapine                          3                    PLACS                            Decreased frequency
   Chahine and Chemali[@b93-ndt-10-1161]       TBI                  Lamotrigine                          4                    Self and clinician observation   4/4 completely stopped
   Giacobbe and Flint[@b94-ndt-10-1161]        Stroke               Citalopram                           1                    Self and clinician observation   Completely stopped
   Ferentinos et al[@b95-ndt-10-1161]          ALS                  Duloxetine                           1                    CNS-LS[@b96-ndt-10-1161]         Decreased severity
   King and Reiss[@b97-ndt-10-1161]            PML                  Citalopram                           1                    Self and clinician observation   Decreased severity
  Controlled trials                                                                                                                                            
   Schiffer et al[@b22-ndt-10-1161]            MS                   Amitriptyline                        12                   Episode log                      Decreased frequency
   Andersen et al[@b20-ndt-10-1161]            Stroke               Citalopram                           16                   Self and clinician observation   Decreased frequency
   Robinson et al[@b21-ndt-10-1161]            Stroke               Nortriptyline                        28                   PLACS                            Decreased severity

**Abbreviations:** ALS, amyotrophic lateral sclerosis; CNS-LS, Center for Neurologic Study-Lability Scale; ICH, intracerebral hemorrhage; MS, multiple sclerosis; PLACS, Pathological Laughing and Crying Scale; PML, progressive multifocal leukoencephalopathy; SAH, subarachnoid hemorrhage; TBI, traumatic brain injury.

###### 

Summary of dextromethorphan and dextrorphan pharmacodynamics and plasma concentrations

  Parameter                                                                              Dextromethorphan       Dextrorphan
  -------------------------------------------------------------------------------------- ---------------------- --------------------
  K~i~ for NMDA receptor[@b26-ndt-10-1161],[@b28-ndt-10-1161],[@b29-ndt-10-1161]         3,500 nM (950 ng/mL)   200 nM (52 ng/mL)
  K~d~ sigma receptor[@b26-ndt-10-1161],[@b28-ndt-10-1161],[@b29-ndt-10-1161]            57 nM (4 ng/mL)        400 nM (103 ng/mL)
  Css~av~ with DM/Q[@b52-ndt-10-1161],[a](#tfn2-ndt-10-1161){ref-type="table-fn"}        104 ng/mL              97.3 ng/mL
  Average concentrations CYP2D6 EMs (cough)[b](#tfn3-ndt-10-1161){ref-type="table-fn"}   2 ng/mL                NA
  Average concentrations CYP2D6 PMs (cough)[b](#tfn3-ndt-10-1161){ref-type="table-fn"}   207 ng/mL              NA

**Notes:**

Based on 30 mg dextromethorphan/10 mg quinidine bid for 7 days in EMs;

Drugs and human performance fact sheet: dextromethorphan.[@b98-ndt-10-1161]

**Abbreviations:** bid, twice daily; Css~av~, average concentration at steady-state; CYP2D6, cytochrome P450 2D6; DM, dextromethorphan; EM, extensive metabolizer; K~d~, dissociation constant; K~i~, inhibitory constant; NA, not available; NMDA, N-methyl-D-aspartate; PM, poor metabolizer; Q, quinidine.

###### 

Dextromethorphan, dextrorphan, and quinidine human plasma concentrations reported in the literature

  Dextromethorphan (DM), dextrorphan (DX), and quinidine (Q) plasma concentration (ng/mL)   Observation
  ----------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Healthy subjects                                                                          
   DM =64--113                                                                              Mean/geometric mean C~max~ with bid dosing of DM/Q 30/10 mg for 7 days[@b52-ndt-10-1161]
   Q =40                                                                                    
   DM =115 (277)                                                                            Mean (maximum) C~max~ with long-term dosing of DM/Q 30/30 mg
  DM/Q in PBA clinical trials                                                               
   DM =114±56.5                                                                             Mean ± SD on day 85 of DM/Q 30/30 mg bid (DM/DX =1.4)[@b46-ndt-10-1161]
   DX =82.2±31.5                                                                            
   Q =168±103.8                                                                             
   DM =96.4±46.7                                                                            Mean ± SD on day 29 of DM/Q 30/30 mg bid (DM/DX =1.1)[@b45-ndt-10-1161]
   DX =89.5±52.3                                                                            
   DM =5.2±5.0                                                                              Mean ± SD on day 29 of DM 30 mg bid (DM/DX =0.017)[@b45-ndt-10-1161]
   DX =295.9±143.2                                                                          
   Q =150                                                                                   Mean on day 29 of DM/Q 30/30 bid
   Q =80                                                                                    Median on day 29 of Q 30 bid[@b45-ndt-10-1161]
  DM concentrations for cough suppression in CYP2D6 PMs                                     
   DM =182--231                                                                             Plasma concentrations following chronic dosing for cough in CYP2D6 PMs[@b98-ndt-10-1161]
  DM concentrations associated with subjective and psychomotor/cognitive effects            
   DM =49--168 (mean C~max~)                                                                No significant psychomotor/cognitive effects after single doses in CYP2D6 PMs or EMs + quinidine; some subjective sedation/dysphoria at higher range (\>100)[@b25-ndt-10-1161],[@b35-ndt-10-1161]
   DM =185--233 (mean C~max~)                                                               Modest psychomotor/cognitive impairment and sedation/dysphoria after single doses in CYP2D6 PMs or EMs + quinidine[@b25-ndt-10-1161]
  DM concentrations in patient studies of DM without Q                                      
   DM =52--193                                                                              Average concentrations observed with tolerable doses in neurosurgery patients[@b60-ndt-10-1161]
   DM ≤ 150                                                                                 No adverse effects in epileptics with chronic dosing (up to 50 mg/q6h)[@b99-ndt-10-1161]
   DM ≤ 275                                                                                 Tolerable plasma concentrations in Huntington's patients[@b100-ndt-10-1161]
   DM =400--500                                                                             Concentrations associated with most neurosurgery patients experiencing CNS side effects (ataxia, dizziness, hallucinations), nystagmus[@b60-ndt-10-1161]
  DM concentrations in case studies of poisonings and overdose                              
   DM =542                                                                                  Lowest concentration in postmortem sample, in combination with diphenhydramine, at approximately five times the therapeutic range[@b101-ndt-10-1161]
   DM =695--1026                                                                            High range of concentrations observed in impaired drivers[@b102-ndt-10-1161],[@b103-ndt-10-1161]
   DM =930                                                                                  Case report of serotonin syndrome[@b104-ndt-10-1161]
   DM =1,841--5,244                                                                         Other postmortem concentrations associated with fatalities[@b101-ndt-10-1161],[@b105-ndt-10-1161],[@b106-ndt-10-1161]
  Therapeutic Q concentrations associated with antiarrhythmia                               
   Q =1,680                                                                                 Patients with exertional arrhythmia (10 mg/kg oral)[@b107-ndt-10-1161]
   Q =2,780 (F)/3,670 (M)                                                                   C~max~ in healthy volunteers receiving 4 mg/kg IV[@b108-ndt-10-1161]
   Q =1,500--5,000                                                                          Concentrations associated with torsades de pointes;[@b37-ndt-10-1161],[@b63-ndt-10-1161] some cases reported "\<1,500 ng/mL" but exact concentrations not cited.

**Abbreviations:** bid, twice daily; C~max~, peak plasma concentration; CNS, central nervous system; CYP2D6, cytochrome P450 2D6; EM, extensive metabolizer; IV, intravenous; PBA, pseudobulbar affect; PM, poor metabolizer; SD, standard deviation; q6h, every 6 hours; F, female; M, male.

###### 

Summary of efficacy studies of DM/Q for PBA

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Trial                             Dose (mg) (twice daily)   Comparators   Patients                                       N            Findings   
  --------------------------------- ------------------------- ------------- ---------------------------------------------- ------------ ---------- ------------------------------------------------------------------------------------------------------------------------------
  Brooks et al[@b45-ndt-10-1161]    30                        30            DM alone (30 mg) and quinidine alone (30 mg)   ALS          140        After 29 days, DM/Q showed 3.3 and 3.7 point greater improvement on the CNS-LS than DM or Q respectively (*P*\<0.001 both).\
                                                                                                                                                   Complete remission occurred in 52% of DM/Q patients compared to DM (23%) and Q (12%), *P*\<0.001.\
                                                                                                                                                   DM/Q also showed significant improvement on QoL, QoR, and episodes of crying, laughing, or the combination.

  Panitch et al[@b46-ndt-10-1161]   30                        30            Placebo                                        MS           150        After 85 days, DM/Q showed a mean change of 7.7, and placebo −3.3 on the CNS-LS (*P*\<0.0001).\
                                                                                                                                                   Complete remission occurred in 20.8% of DM/Q patients compared to 6.9% of placebo (*P*\<0.03).

  Pioro et al[@b47-ndt-10-1161]     30 and 20                 10            Placebo                                        ALS and MS   326        After 12 weeks, DM/Q30 showed a mean change of −8.2; DM/Q20 −8.2, and placebo −5.7 on the CNS-LS (*P*\<0.0002).\
                                                                                                                                                   Daily PBA episodes were −46.9% and −49% lower for DM/Q30 and DM/Q20, respectively, compared to placebo (*P*\<0.0001).\
                                                                                                                                                   Remission occurred in 47.3% of DM/Q30, 51.4% of DM/Q20 patients compared to 29.4% in placebo (*P*\<0.001).
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Abbreviations:** ALS, amyotrophic lateral sclerosis; CNS-LS, Center for Neurologic Study-Lability Scale; DM, dextromethorphan; MS, multiple sclerosis; PBA, pseudobulbar affect; Q, quinidine; QoL, quality of life; QoR, quality of recovery.

###### 

Adverse event incidence in DM/Q trials for PBA

  Adverse event preferred term             Treatment and dose N (%)                          
  ---------------------------------------- -------------------------- ---------------------- ---------------------
  ALS patients[@b45-ndt-10-1161]           DM/Q (30/30 mg bid)        DM alone (30 mg bid)   Q alone (30 mg bid)
   Dizziness (excluding vertigo)           14 (20%)                   5 (15.2%)              1 (2.7%)
   Fatigue                                 13 (18.6%)                 3 (9.1%)               0 (0)
   Loose stools                            0 (0)                      3 (9.1%)               3 (8.1%)
   Nausea                                  23 (32.9%)                 2 (6.1%)               3 (8.1%)
   Somnolence                              9 (12.9%)                  1 (3.0%)               0 (0)
  ALS patients (\>10%)[@b46-ndt-10-1161]   DM/Q (30/30 mg bid)        Placebo                
   Dizziness (excluding vertigo)           20 (26.3%)                 7 (9.5%)               
   Fatigue                                 11 (14.5%)                 6 (8.1%)               
   Nausea                                  17 (22.4%)                 11 (14.9%)             
   Weakness                                8 (10.5%)                  4 (5.4%)               
  ALS and MS patients[@b47-ndt-10-1161]    DM/Q (30/10 mg bid)        DM (20/10 mg bid)      Placebo
   Dizziness (excluding vertigo)           20 (18.2%)                 11 (10.3%)             6 (5.5%)
   Loose stools/diarrhea                   11 (10.0%)                 14 (13.1%)             7 (6.4%)
   Nausea                                  14 (12.7%)                 8 (7.5%)               9 (7.5%)
   Somnolence                              11 (10.0%)                 9 (8.4%)               7 (6.4%)

**Abbreviations:** ALS, amyotrophic lateral sclerosis; bid, twice daily; DM, dextromethorphan; DM/Q, dextromethorphan/quinidine; MS, multiple sclerosis; PBA, pseudobulbar affect; Q, quinidine.

###### 

Summary of potential cardiac and QTc interactions with DM/Q

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Drug class/compound                                                    Summary of interaction potential                                                                                                                                                                 
  ---------------------------------------------------------------------- -------------------------------------- --------------------------------------------------------------------- --------------------------------------------------------------------- ------------- ----------------------------------------------------------------------------------------------------------
  Analgesics                                                                                                                                                                                                                                                              

   Methadone                                                             P-glycoprotein substrate               Weak PD (25% increase in miosis)[@b109-ndt-10-1161]                   Category 3; risk increased at doses \>100 mg/day[@b110-ndt-10-1161]   Possible      Supervised start\
                                                                                                                                                                                                                                                                          Assess potential for other risk factors for TdP\
                                                                                                                                                                                                                                                                          Reduce dose 25%--50%, or substitute with buprenorphine if required

  Antiarrhythmics                                                                                                                                                                                                                                                         

   Amiodarone                                                            CYP3A4 inhibitor                       Weak/moderate PK/PD[@b111-ndt-10-1161]--[@b113-ndt-10-1161]           Category 1                                                            Possible      Supervised start\
                                                                                                                                                                                                                                                                          Assess potential for other risk factors for TdP

   Procainamide, isopyramide                                             CYP2D6 substrates                      Weak/moderate PK, minimal PD[@b111-ndt-10-1161],[@b114-ndt-10-1161]                                                                                       Reduce dose if required

   Dronedarone                                                           CYP3A4/P-glycoprotein inhibitor        Theoretical; no literature reports                                                                                                                        

   Sotalol, ibutilide, dofetilide, bepridil                              None                                   None                                                                                                                                                      

   Flecainide                                                            CYP2D6 substrate (minor)               Weak PK, minimal PD[@b115-ndt-10-1161]                                Category 3                                                                          

   Mexiletine, propafenone                                               CYP2D6 substrate                       Weak/moderate PK[@b116-ndt-10-1161]--[@b118-ndt-10-1161]              Category 4                                                                          

   Nifedipine                                                            CYP2D6 substrate                       Weak PK, minimal PD[@b119-ndt-10-1161]                                Category 4                                                                          

  Antidepressants                                                                                                                                                                                                                                                         

   Desipramine, amitriptyline, imipramine, nortriptyline, clomipramine   CYP2D6 substrates                      Strong to moderate PK (8-fold higher exposure)[@b23-ndt-10-1161]      Category 4                                                            Most likely   Substitute with milnacipran, levomilnacipran, mirtazapine, or desvenlafaxine (depression)\
                                                                                                                                                                                                                                                                          Substitute with glycopyrrolate, benztropine, dermal hyoscine, trihexyphenidyl, or atropine (sialorrhea)\
                                                                                                                                                                                                                                                                          If substitution not possible, avoid or, if essential, reduce dose 50%--75% and monitor QTc

  Antimicrobials                                                                                                                                                                                                                                                          

   Erythromycin, clarithromycin                                          CYP3A4 inhibitor                       Weak PK (10%--30%)[@b120-ndt-10-1161]                                 Category 3 (IV)/category 4 (oral)                                     Possible      Supervised start; if necessary reduce dose or substitute with other antibiotic based on sensitivity

   Azithromycin                                                          None                                   None                                                                  Category 4[@b121-ndt-10-1161]                                                       Supervised start; if necessary reduce dose or substitute with alternate antibiotic

  Antipsychotics                                                                                                                                                                                                                                                          

   Haloperidol, clozapine, pimozide                                      CYP2D6 and/or 3A4 substrates (minor)   Minimal/weak PK[@b122-ndt-10-1161]                                    Category 3                                                            Most likely   Substitute with olanzapine or quetiapine or reduce dose 50%--75% and monitor QTc

   Amisulpride, paliperidone, ziprasidone                                None                                   None                                                                                                                                        Possible      Supervised start\
                                                                                                                                                                                                                                                                          Assess potential for other risk factors for TdP; reduce dose or substitute with olanzapine or quetiapine
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Note:**

Based on categories suggested by Redfern et al.[@b61-ndt-10-1161]

**Abbreviations:** CYP, cytochrome P450; DM/Q, dextromethorphan/quinidine; IV, intravenous; PD, pharmacodynamic; PK, pharmacokinetic; TdP, torsades de pointes; DM, dextromethorphan; Q, quinidine; QTc, corrected QT.
